Rutaceae, Ruta graveolens, Acridone Synthase, Microsequencing, Alkaloids Acridone synthase has been purified from cell suspension cultures of Ruta graveolens using a combination of gel filtration and ion exchange chromatography. The purified enzyme has an apparent molecular weight of 69 kDa on gel filtration and a subunit structure on SDS-PAGE of 40 kDa. The apparent A^m-values are 10.64 |iM and 32.8 |iM for N-methylanthraniloyl-CoA and malonyl-CoA, respectively. Tryptic digestion of the homogeneous acridone synthase was performed. Seven of the peptides were chosen for microsequencing. The homology of the amino acid sequences from this particular polypeptide and corresponding peptides from chalcone synthase 3 from garden pea amounted to 76%.
Introduction
A cridone alkaloids com prise a relatively small g roup o f alkaloids w hich are solely found in some genera o f the R utaceae p lan t family. A b o u t 100 m em bers o f this p articu lar alkaloid type showing a rem arkable variety in structure are know n. Besides m onom eric acridones acrim arines were isolated from Citrus plants. These are the first naturally oc curring acridone-coum arin dim ers [1] . Also binary acridone alkaloids co ntaining a carb o n -carbon linkage have been described [2, 3] .
In 1955 R o binson has p ostulated in his fam ous essay [4] th a t m onom eric acridones are biosynthetically form ed from anth ran ilic acid (I) and acetate via a polyketo acid. L ater on it was unequivocally d em o n strated by using [13C]acetate th at ring C o f the acridone nucleus is acetate-derived [5] .
Cell-free extracts o f R uta graveolens cell cultures were found to catalyze the condensation o f N -m ethylanthranilic acid (II) and m alonyl-C oA (IV) in the presence o f A T P and M g2+. As reaction p ro d u ct 1,3-dihydroxy-N -m ethylacridone (V) was identified, the key interm ediate in the pathw ay which leads to m ore com plex acridones. The Reprint requests to Prof. D. Gröger.
Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen 0939-5075/94/0100-0026 $01.30/0 m echanism o f activation o f N -m ethylanthranilate was n o t clarified at th at tim e. As "activated" a n thranilic acid the C oA thiol ester o f this p articu lar am inobenzoic acid (III) has been postulated [6] . T his hypothesis was proved when N -m ethylan th ran ilo y l-C o A becam e available [7] , A cridone synthase, catalyzing the form ation o f V from N -m ethylanthraniloyl-C oA and m alonyl-C oA ( Fig. 1 ) was detected in crude extracts o f Ruta graveolens cells [7, 8] . W e now present a m ore de tailed rep o rt on this enzym e system which was purified to a p p are n t hom ogeneity. Cell suspension cultures o f Ruta graveolens were used as enzyme source.
Materials and Methods

Chemicals
[2-14C ]M alonyl-C oA w as from A m ersham Buchler (Braunschw eig), m alonyl-C oA cam e from Serva (H eidelberg), N -m ethylanthraniloyl-C oA and 1,3-dihydroxy-N -m ethylacridone were pre pared according to [7] and [9] respectively. All o th er chem icals were o f analytical grade.
Plant m aterial
Cell suspension cultures o f the com m on rue (R uta graveolens strain R-20) were propagated and harvested as described [10] . 
Buffers
Buffer A, 0.1 m sodium p h o sp h ate, pH 7.5, co n taining 10% glycerol, 20 mM sodium asco rb ate and 0.5 mM E D T A . T he buffer was degassed be fore additio n o f ascorbate; buffer B, 0.1 m sodium phosphate, pH 7.5, co ntaining 10% glycerol and 0.5 mM ED T A ; buffer C, 0.01 m sodium p h o s phate, pH 7.5, con tain in g 10% glycerol, and 0.5 mM ED T A ; buffer D , 0.01m sodium p h o s phate, pH 7.5, co ntaining 10% glycerol 0. 
Purification o f acridone synthase
C olum n chrom atography was carried o ut with an F P L C system (Pharm acia).
The protein solution (40 ml in buffer C) w as de salted by passing th rough a colum n o f Sephadex G-25 equilibrated w ith buffer C. T he protein solu tion was applied in tw o separate runs to a Q -Sepharose 16/10 colum n (Pharm acia) w hich h ad been equilibrated with buffer C. U n b o u n d p rotein was w ashed off w ith the sam e buffer (300 ml). The elution o f bound protein was p er form ed by applying a gradient by m ixing o f buffer C and buffer B (flow rate 3 m l/m in). 5 ml fractions were collected. A cridone synthase was detected in fractions 2 8 -8 0 (6 0 -1 0 0 % buffer B).
The com bined enzyme containing fractions were concentrated by using an A m icon ultrafiltratio n cell, M odel 8050. The resulting protein solution (6 ml) was applied in two separate runs to a Superdex 200 16/60 colum n (Pharm acia) which h ad been equilibrated w ith buffer C. A cridone synthase was eluted w ith buffer C (2 ml fractions, flow rate 1 m l/ m in). Enzym e containing fractions [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] were com bined and concentrated by ultrafiltratio n (C entriprep-10, A m icon). Subsequently buffer C was replaced by buffer D and the enzyme solution w as applied to a Phenyl Superose 5/5 colum n (P harm acia) after eq u ilibration with buffer D. A cridone synthase was eluted w ith a linear g ra dient by m ixing o f buffer D and buffer C at a flow rate o f 0.5 m l/m in (1 ml fractions were collected). F ractio n 2 6 -3 8 were com bined and concentrated by u ltra filtra tio n using a C entriprep cartridge. The protein solution was desalted by passing th ro ugh a PD -10 colum n (P harm acia), which had been equi librated w ith buffer C.
The desalted protein w as applied on a M ono Q H R 5/5 colum n (Pharm acia). A cridone synthase was eluted w ith a linear gradient by m ixing o f buf fer C an d buffer B. Enzym e activity was detected in fractions 2 4 -2 7 w hich were concentrated by u ltrafiltratio n . Subsequently the enzyme solution was applied in five different runs (each 200 (j.1) to a Superose 12 H R 10/30 colum n (P harm acia). A cri done synthase was eluted w ith buffer C and con cen trated w ith a C entricon cartridge (Am icon).
E nzym e assay
The acridone synthase assay was slightly m odi fied according to [8] . The reaction m ixture conT tained in a to tal volum e o f 200 |il: 6 nm ol N -m ethylanthraniloyl-C oA , 12 nm ol [2-14C]malonyl-C oA (1.1 * 105 dpm ), 5 -1 0 0 |ig protein and buffer A. In cu b atio n s were carried out at 32 °C for 30 min. T he reaction was stopped by adding 100 |!g 1,3-dihydroxy-N -m ethylacridone in 1 ml ethanol. A fter extractio n w ith CHC13 the alkaloid fraction was ch ro m ato g rap h ed on silica gel P F 254 plates (M erck), solvent sy stem : benzene/E tO A c (6:4). A fter elution o f the alkaloid zone an aliquot was used for q u an tita tio n by m easuring the ab so rption o f light at 400 nm and an o th er aliq u o t was used for scintillation counting.
Electroblotting and preparation o f tryptic peptides fo r Edman degradation
F o r final purification acridone synthase was separated on a 10% SD S/Polyacrylam ide gel p re pared from electrophoretically pure reagents from B iorad loading 10 |ig per lane. A fter electropho resis the gel was electroblotted to Im m obilon m em brane (M illipore) according to [11] with some m odifications. The transfer m em brane was first w ashed w ith m ethanol (30 m in) and then equili brated w ith the tran sfer buffer (50 mM boric acid containing 15% C H 3O H adjusted to pH 8.5 with 1 m N aO H ) for at least 30 min. Filterpapers (W hatm an 3 M M ) were w ashed three times (15 m 
T ryptic digestion was done essentially as de scribed [12] . Briefly the spots were destained with 80% ethanol for 30 m in, reactive sites were blocked w ith 0.5% PVP 40 dissolved in 0.1m A nalytical m ethods S D S -P A G E gel electrophoresis w as carried out according to Laem m li [13] in 10% separation and 5% stacking gels using a LK B 2050 M idget elec trophoresis u n it (Pharm acia).
P rotein co n centrations were determ ined accord ing to B radford [14] using bovine serum album ine as stan d ard .
Results
A cridone synthase was isolated from lyophilized cells o f R uta graveolens cell-line R-20, which accu m ulates m ainly rutacridone.
Previously it w as show n [8] th a t m etal ions are n ot required as cofactors b ut th a t the buffer com position strongly influenced enzym e activity. M oreover sodium ascorbate as oxidation protec ta n t has been found to have an ad vantageous effect on acridone synthase activity. T herefore we applied buffer A for p ro tein extractio n and used the protein fraction w hich precipitated between 5 5 -8 0 % (N H 4)2S 0 4 sa tu ra tio n for enzym e pu rifi cation. The tem p eratu re optim u m for the reaction was 38 °C. A cridone synthase w as purified to a p p arent hom ogeneity by a 7-step proced u re w hich is sum m arized in T able I. T his w as done by a com bi n ation o f gel filtratio n and ion exchange ch ro m a tography. A cridone synthase was nearly hom oge neous after step 5 (T able I). The protein obtain ed after ch ro m ato g rap h y on Q -Sepharose was stable over a period o f a t least four weeks, if stored at -7 0 °C. This p artially p u ri fied enzyme p re p a ra tio n was used for K m- A cridone synthase obtained after the Superose 12-step was subjected to electrophoresis and elec tro b lo tted o nto a Im m obilon m em brane according to [11] . The blotted protein was visualized by stain ing w ith Coom assie blue, cut o u t and used either for N -term inal sequence analysis or for tryptic digestion. D irect tryptic digestion o f the protein on Table II . Amino acid sequences of tryptic peptides from acridone synthase and alignment with corresponding peptides from chalcone synthase 3 from garden pea [15] . The location o f the amino acid residues within the sequence is given in parentheses. Peak 17 contained two peptides in approximately equal amounts. The assignment was possible since one of each peptide was obtained in pure form from peaks 42 and 43.
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GAAALIVGSDP the P V D F m em brane was perform ed as described by [12] . Individual peptides were separated from the digest by reversed phase H P L C (Fig. 3) . Seven o f the peptides were chosen for m icrosequencing and six o u t o f those yielded sequences o f at least ten am ino acids (Table II) . E dm an degrad atio n analysis o f the b lotted an d also the chrom atographically purified polypeptide failed, indicating th a t the N -term in u s w as blocked. T otally 132 am ino acid residues were obtained from all parts o f the p ro tein am o u n tin g roughly to one th ird o f the enzyme. C om parison o f these sequences with those available in protein sequence d atabases viz. 100 residues o u t o f 132 sequenced am ino acids dis played a hom ology as high as 76% w ith chalcone synthase 3 from garden pea [15] .
Discussion
A key enzym e o f acridone alkaloid biosynthesis catalyzing th e co n d en satio n o f N -m ethylanthraniloyl-C oA an d m alonyl-C oA leading to 1,3-dihydroxy-N -m ethylacridone w as obtained (Fig. 1) . A rem arkable loss o f enzym e activity during purifi cation w as observed. O n the other h and for the first tim e acridone synthase was purified to a p p a r ent hom ogeneity. S D S -P A G E o f acridone syn thase gave a single b and w ith a M x o f 40 k D a, ap p arently a subunit o f the enzyme.
It has been now unam biguously show n [10] th a t the activation o f N -m ethylanthranilic acid p ro ceeds via the corresponding C oA -ester. O bviously acridone synthase catalyzes the chain elongation o f a prim er m olecule viz. N -m ethylanthraniloyl-C oA by acetate via m alonyl-C oA . T he antibiotic cerulenin w hich inhibits specifically the 2-ketoacyl-A C P synthase, the fo rm atio n o f acetatederived secondary m etabolites and the chalcone synthase reaction [16] inhibits also acridone syn thase. A pparently the form atio n o f the acridone nucleus proceeds like the m echanism observed in the flavonoid and stilbene biosynthesis [17] . In the latter cases 4-coum aroyl-C oA and cinnam oyl-C oA serve as acyl acceptors. Interestingly to note th at acridone synthase, chalcone and stilbene syn thases are ra th er sim ilar regarding som e m olecular p roperties e.g. -----) . The flow rate was 0.3 ml/min. All peaks were collected, those numbered were selected for sequencing. The am ino acid sequences obtained are listed in Table II. resveratrol synthase sequences revealed 7 0 -7 5 % identity on the p ro tein level w ith anyone o f the know n chalcone synthases [17, 18] . A t present it is no t obvious if a gene fam ily o f acridone synthases does exist like in the case o f chalcone synthases.
F u rth e r in fo rm atio n s on acridone synthase will be obtained after p ro d u ctio n o f antibodies against this p articu lar polypeptide and the isolation o f cD N A clones an d genes encoding for this enzyme.
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